I. The rate of flow of digesta along the intestinal tract, and particularly the changes occurring in proteins during their passage through the intestine were determined in six rams; each animal was fistulated with three cannulas which involved six different sites of the intestine. CrzO, was used as a marker substance to measure the rate of flow of the digesta.
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No. 6 + +* + Whereas a periodical influx of digesta into the intestine is typical for the simplestomached animal, the passage of the digesta from the reticulo-rumen and omasum is a continuous process. Hence the digesta that reach the intestine in ruminants are of more uniform composition and less dependent on the kind of food ingested than in simple-stomached animals. These digesta consist to a great extent of microbial protein and contain only very small amounts of carbohydrates, since most of the latter have been digested and their metabolites have been absorbed in the rumen. Therefore the digestive processes in the intestinal tract of simple-stomached and ruminant animals may differ. I n this work the rate of passage of digesta, and particularly of their nitrogenous constituents, such as non-protein N(NPN), a-NH,-N, NH, and individual amino acids through the different regions of the intestine has been studied. The changes occurring in nitrogenous constituents during passage through the intestine have been examined, the activity of proteolytic enzymes in the different parts of the intestine has been assessed, and the extent of the absorption of the nitrogenous metabolites from the different sections of the intestinal wall has been determined.
Furthermore, in order to examine the possible involvement of micro-organisms in N interactions occurring in the intestine, dehydrogenase activity reflecting microbial biochemical capacity was assayed in the samples of digesta.
E X P E R I M E N T A L

Animals
Six Awassi rams, 1-1'5 years old and weighing 5 5 6 0 kg, were used. Each animal was equipped with 3 T-type Perspex cannulas inserted at different sites of the small intestine; the positions of the cannulas are given in Table I .
Thecannulasconsisted of twoparts: a straight barrel, 45 mm long, was joined with a screw to a gutter-shaped internal flange, 42 mm long; the flange was inserted into the intestine and the barrels exteriorized through the abdominal wall. The barrels were closed by a combined cap and core which prevented accumulation of digesta in the barrel between sampling times. Two kinds of cannula were used. T h e first type with a barrel of 11.5 mm internal diameter and with an internal flange of 13 mm internal diameter was inserted into the intestine at 0.05 m distance from the pylorus and into the terminal ileum. The second type with a barrel of 9.5 mm internal diameter and a flange of 10.5 mm internal diameter was inserted at the middle sites of the intestine.
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Protein digestion in the intestine of sheep 127 The animals recovered quickly and returned to normal food consumption within a month after the operation; the experiment began 3 months later.
Rams nos. I and 6 rejected the cannulas inserted at 7 m distance from the pylorus at the beginning of the experiment. The rejection was accompanied by a slight inflammation, after which the site of rejection healed up within 2 weeks, and the experiment, which had been interrupted, began again.
The total length of the small intestine was measured in rams nos. 
Feeding
Each animal received a daily ration consisting of 400 g vetch hay (Vicia sativa L.) and 600 g concentrate mixture. Feeds were given in equal amounts twice daily at 07.30 and 19.30 hours and were completely consumed. The composition of these feeds is given in housed in individual pens. Chromic oxide (I g) impregnated into paper was given orally twice daily before feeding. The amino acid content of the feedstuffs ingested is given in Table 3 . 
Sampling technique
The frequency of sampling and size of samples withdrawn had to be limited in order to avoid influencing the flow rate. Sampling of faeces and digesta began at the rectum and continued upwards through the terminal ilcum to thc proximal duodenum. Before the samples were collected through the cannulas the animals were accustomed for I d to the sampling procedure. Samples, each of 25 ml digesta, were withdrawn through each cannula six times daily for 4 successive d, I , 3 , 5 , 7 , 9 and I I h after the morning feed. The samples obtained on the 4 successive d from each cannula were pooled for each sheep separately and kept frozen at -2 0 ' until analysis. Four or five samples were obtained daily from the terminal ileum cannulas. The flow of digesta through the ileum was characterized by its irregularity, in contrast with the virtually continuous flow through the duodenum. Sometimes there were no digesta present at the site of the ileal cannulas and it was impossible to take samples from this site.
Total N, N-containing fractions, and Cr,O, were determined in the pooled samples. Free a-N€12-N was measured in the TC-4 supernatant fraction of the digesta and faeces by the colorimetric ninhydrin procedure (Rosen, 1957). For determination of total a-KH2-X in NPX, a poolcd sample from each site of cannulation was taken from three sheep and protein was precipitated with TCA solution (50 g/l). After removal of TCA by extraction with diethyl ether a portion (j ml) of the supernatant fraction was freeze-dried and the dry residue hydrolysed by boiling in 6 M-HC1 (constant boiling point) for 22 h at IIOO under reduced pressure. The hydrolysate was dried and the a-NH,-Si determined by the ninhydrin method.
For the determination of individual free amino acids (non-protein amino acids) samples were prepared similarly. Before hydrolysis, norleucine was added as internal standard. After hydrolysis, IICl was removed on a rotary evaporator under reduced pressure at 60" and the residue dissolved in 0.2 M-citrate buffer, pH 2.2. Individual amino acids were determined by column chromatography using an amino acid analyzer, Bio-Cal, BC-zoo.
For the determination of individual amino acids (total amounts) in feeds, digesta and faeces, the samples were freeze-dried, ground in a hammermill and passed through a I mm sieve; hydrolysis and determination of amino acids were as described above. pII was measured with a Beckman portable pII meter immediately after sampling.
The pooled samples used for determination of trypsin and chymotrypsin activities were kept in crushed ice and centrifuged at 70000g for 15 min at 2'. Trypsin,
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Statistical analysis
An 'incomplete block' analysis was used in order to compare the results obtained at six sites on the basis of samples taken from two or three cannulas in each of six rams. Because the design was not balanced, the standard error of the difference between the adjusted means is not the same for each pair of sites. The least and greatest values are given in Tables 5 and 6 . The residual standard deviation is also given as a measure of the variability of the measured values.
RESULTS
Changes occurring in the d~e s t a along the intestinal tract
I t is unfortunate that samples taken 7 m distant from the pylorus were available from only one animal, and this should be borne in mind when changes spanning this region are considered.
Water, dry matter and total N . The rates of flow per h of digesta dry matter (g/h), water, total N and N-containing fractions through the different sections of the intestine https:/www.cambridge.org/core/terms. https://doi.org/10.1079/BJN19740018
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Protein digestion in the intestine of sheep Tables 5 and 6 . Some of the results were calculated on a 24 h basis to facilitate comparison with results of earlier publications, although it was recognized that this may have introduced a substantial error. The changes in the amounts of constituents of digesta during passage along the intestine represent the balances between the inflows of digesta from the abomasum and the secretion of water and endogenous materials into the gut, on the one hand, and their absorption through the intestinal mucosa, on the other hand. The means, calculated by an 'incomplete block' analysis, showed that the cannulation site had a highly significant effect on the flow of digesta, dry matter and NPN, and a significant effect on that of total N and ammonia N. The effect on a-NH2-N came close to being significant. There were no significant differences between rams.
The amount of digesta passing the pylorus, 5 I I g/h (12.3 kg/zq h) (see Table 5 ) was similar to the mean amount reported by other authors (e.g. Nicholson & Sutton, 1969) ' who kept sheep on a similar dietary regimen.
In agreement with the general experience of others (Hogan & Phillipson, 1960) , it was observed that 40 % of the digestible dry matter ingested reached the pylorus; the net loss of 60 % was mainly digestible carbohydrate. Only 5 % less N than the amount ingested reached the pylorus ( Table 5) . The only part of the intestine in which substantial increases of water, dry matter and total N were found was the I m section posterior to the pylorus, but the increase was statistically significant only for total N. These increases were caused by the inflow of bile, and pancreatic and duodenal juices. The observed increase of about 44 g/h in the flow is consistent with the reported daily rates of secretion of digestive juices by sheep, namely bile 700 ml (Harrison, 1962) , pancreatic juice 300-400 ml (Magee, 1961 ; Taylor, 1962) , duodenal juice joo ml (Harrison & Hill, 1962) .
In the sections of the intestine from I to I 5 m posterior to the pylorus, however, the amounts of water, dry matter and total N decreased gradually as a result of their absorption through the intestinal wall. The region of the intestine situated at a distance of 7-1 j m from the pylorus was more active with respect to the absorption of N compounds, whereas water and dry matter were absorbed to a greater extent in the section 1-7 m from the pylorus (Tables 5 and 6 ). Only very small changes in the amounts of water, dry matter and total N occurred in the lower part of the intestine (between 15 and 25 m distant from the pylorus).
p H . T h e p H of the intestinal contents sampled at the pylorus fluctuated between 2.6 and 3-0, increased gradually along the intestine, but remained acid even at a distance of more than 7 m from the pylorus. This agrees with p H measurements made by Lennox & Garton (1968) . The fluctuations of the p H values measured in different samples from the same sites of the intestine resulted from the changes in the p H during the day and did not show any regular trend.
N-containing fractions.
T h e amounts of N and N-containing constituents of the digesta passing the different sites of the intestine are presented in Table 6 , and the composition of these N-containing fractions is given in Table 7 . The net daily increases found beyond the entry of the common bile duct were 2.7 g protein N and 2.0 g NPN. These were the amounts secreted by one sheep (Table 6 ). T h e increase in the NPN content of the digesta in the uppermost region of the intestine, that is the section immediately distal to the pylorus, indicates the presence of non-protein amino acids in the endogenous secretions.
Whereas the amounts of total N decreased considerably at a distance of 1-7 m from the pylorus, the amounts of NPN remained fairly constant in this region, unlike those of free a-n'H,-N, which increased slightly. This tendency indicates that the rate of proteolysis exceeds the rate of absorption of its products, which obviously occurs as free amino acids. The amounts of total N and of all N-containing fractions decreased considerably in the section 7-1 5 m distant from the pylorus, the area of most intensive N absorption. T h e decrease of bound ol-NH,-N in the area 7-15 m distant from the pylorus may have resulted from the action of exopeptidases. The highest percentage of free a-NH,-N was found at a distance of I j m from the pylorus ( Table 7) .
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Protein dkestion in the intestine of sheep A, trypsin activity at pH in situ; A, trypsin activity at optimal pH (pH 8.0); 0, pH in situ. The nitrogenous components of the digesta contain also an unidentified fraction, which includes hexosamines (Badawy & Mackie, ~964) and nucleic acids (Smith & McAllan, 1971 ). The highest percentage of this unidentified fraction was found in the upper section of the intestine proximate to the entry of the common bile duct.
The small losses of N found in the large intestine were due to the absorption of ammonia from the caecum, as shown by McDonald ( I 948), whereas the absorption of amino acids from the caecum is unlikely, since they would be destroyed there by bacterial enzymes (Clarke, Ellinger & Phillipson, 1966) .
PvoteoZytic activities. T h e activities of the proteolytic enzymes trypsin, chymotrypsin and carboxypeptidase 4 were examined in samples taken from different sites of the intestine, and the measurements were made at the actual p H (in situ) and at the p H of optimal activity of the three enzymes. T h e activities of samples withdrawn at three different time-intervals after the morning feed differed only slightly and did not show any regular trend. The results presented in Figs. I , 2 and 3 were based on averagc values of activities determined at three different times of the day. Samples taken I m distant from the pylorus showed very low-trypsin or chymotrypsin activities, at the p H in situ and also at the optimum pH.
Since the conversion of the zymogens into active enzymes takes place above pH 5 , the proteolytic activities increase only slowly along the intestine (even when measured at the optimum pH) and maximum activity of these enzymes is reached in the samples withdrawn at a distance of 7 m from the pylorus; since the pI3 of the digesta increases along the intestine, the difference between the activities measured at the actual and optimum p H became smaller in the sample taken at the site 7 m distant from the pylorus and disappeared in those taken in the lower regions of the intestine. The decrease in activities of all three enzymes in the lower regions of the intestine may be attributed to inactivation of these enzymes in the more alkaline medium.
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Protein digestion in the intestine of sheep Dehydrogenase activity. An increase of the dehydrogenase activity was observed in the lower part of the intestine (Fig. 4) .
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Amino acids. The rate of flow of total amino acids through the different sections of the intestines of sheep is given in Table 8 , that of non-protein amino acids in Table 9 and that of amino acids bound as protein in Table 10 . The values in Table 9 were obtained by hydrolysis of TCA filtrates of digesta and represent the sum of amino acids present in free form and as peptides. The results concerning the flow of amino acids present as proteins given in Table 10 were obtained by subtraction of the values for non-protein amino acids (Table 9 ) from those for total amino acids ( Table 8) . Individual amino acids were determined in pooled samples. The trend in their changes along the intestine agreed with those of total N and NPN, which were found to be highly significant (see Table 6 ). The amino acids designated as 'essential' in this work are those required by the growing rat, since, according to other authors, the same amino acids are also essential for the tissue metabolism of ruminant animals (see Coelho da Silva, Seeley, Thomson, Beever & Armstrong, 1972).
There was a net loss of non-essential amino acids between the mouth and the pylorus; it was considerable for glutamic acid, proline and serine. The total amount of amino acids reaching the small intestine was smaller than that of the ingested amino acids, and the quantity of amino acids lost in the rumen exceeded the amount synthesized there. The IOO yo increase in methionine during the passage of the food through the reticulo-rumen is comparatively high, but agrees with the results of other authors (Conrad, Miles & Butdorf, 1967) VOl. 31
Protein digestion in the intestine of sheep I37 Table I Between one-third and one-half of most amino acids entered the intestine as nonprotein amino acid (free-and peptide-bound), but the percentage was much lower for histidine, arginine, proline and cystine (Tables 8 and 9 ).
The rate of flow of almost all individual amino acids was increased in the section I m posterior to the pylorus owing to pancreatic, duodenal and biliary secretions. Their endogenous influx into the uppermost region of the intestine contained mainly proteins and only small amounts of non-protein amino acids. The influx of endogenous juices contributes more non-essential amino acids than essential ones. The very high increase in the flow of glycine (250%) in the region between 0.05 and I m distant from the pylorus has to be attributed mainly to the secretion of glycocholic acid, an important constituent of bile acids, and only to a comparatively small extent to endogenous protein (see Nixon & Mawer, 1970) .
The changes in rate of flow in the sections between I and 15 m distance from the pylorus, measured by analysis of individual amino acids (see Table S ), showed the same trend as that of N and NH, groups. In the sections between I and 3 m and between 3 and 7 m distant from the pylorus there were considerable decreases (3 I % and 34% respectively) in the rate of flow of protein-bound amino acids (Table IO) , whereas the rate of flow of non-protein amino acids was increased by 20 7, in the region between I and 3 m and did not change in that between 3 and 7 m (Table 9 ). It might be concluded from these findings that in both these regions the extent of proteolysis exceeded that of absorption. The fate of N compounds in the section 7-15 m distant from the pylorus differed substantially from that in both preceding sections.
The relatively greater decrease in non-protein amino acids (57 %) compared with that of protein amino acids (41 %) that occurred in this region showed that this is an area of intensive absorption of amino acids. The rate of flow of some individual amino acids, such as lysine, decreased here by as much as 70%, while a preferential absorption of essential amino acids was apparent.
The total amount of amino acids (protein and non-protein, Table 8 ) showed almost no change during passage of the digesta through the lower section of the intestine,
138
D . BEN-GHEDALIA, H. TAGARI, A. RONDI AND A. TADMOR 1974 15-25 m distant from the pylorus. I n the lower part of the intestine the dehydrogenase activity was considerably enhanced (Fig. 4) .
A few individual amino acids, among them glycine, tyrosine and cysteine, showed changes in the rate of flow in the section of the intestine 15-25 m posterior to the pylorus. Glycine decreased by as much as 50 yo during passage through the lower part of the intestine. This decrease in glycine might be attributed in great part to reabsorption of bile acids from the lower small intestine (Garton, 1969) . The amounts of most individual amino acids excreted daily in the faeces were somewhat lower than the amounts leaving the terminal ileum (at 25 m distant from the pylorus). This decrease in the amino acid content of the digesta during their passage through the large intestine was apparently caused by the deaminase activity of caecal bacteria (Hecker, 1971). For some amino acids, such as isoleucine, histidine and cystine, the daily amounts passing through the terminal ileum were the same as those excreted in the faeces. T h e amounts of phenylalanine and proline excreted daily in the faeces exceeded the amounts leaving the terminal ileum.
D I S C U S S I O N
Whereas digestible carbohydrates are degraded to a great extent in the rumen and their metabolites are absorbed through the rumen wall, the net loss of N may be very small in the reticulo-rumen; in this study the equivalent of 95 yo of the food N reached the pylorus. Microbial proteins formed by transformation of dietary proteins and undecomposed dietary proteins enter the intestinal tract, where the decisive steps in their digestion and absorption take place. It is remarkable that the amount of N present in the digesta increased considerably (4-7 g/d) after the inflow of pancreatic juice and bile. Apart from their specific functions, these endogenous proteins may be a useful supplement to the dietary and microbial proteins reaching the intestinal tract, particularly when the diet is deficient in protein.
Some of our findings in this work concerning the extent and sites of proteolytic action occurring in the intcstine, point to differences between ruminants and simplestomached animals. One of the reasons for these differences is that neutralization of the digesta entering the intestine is much slower in ruminants than in simple-stomached animals (Kay, 1969) and different p H values prevailing in corresponding sections of the intcstine have a great influence on proteolytic activities. The increase in the ratio of a-NH,-NPN to protein N (see Fig. 5 ) in samples taken 3 m distant from the pylorus compared with that in samples taken I m distant must be attributed partly to the action of pepsin (unpublished results) which continues to act in the weakly acid medium of thc upper intestine.
Because of the acidity persisting in the upper sections of the intestinal tract of the sheep, the transformation site of pancreatic zymogens into active enzymes is shifted slightly along the intestinal tract. T h e highest ratio of a-NH,-NPN to protein N found at a distance of 7 m from the pylorus (Fig. 5) is consistent with our results from enzymic assays, which showed highest activities of trypsin, chymotrypsin and carboxypeptidase A in samples taken at this site (Figs. 1-3 between trypsin and chymotrypsin activities is always constant, and the parallel changes in these two enzymic activities are accompanied by corresponding changes in the ratio of a-NH2-NPN to protein N. In rats, unlike sheep, the amount of chymotrypsin relative to trypsin undergoes a progressive decrease along the small intestine (Pelot & Grossman, 1962) .
Unlike trypsin and chymotrypsin activities and the ratio of a-NI12-NPN to protein N, which are at a maximum at a distance of 7 m from the pylorus (Fig. 5) , the ratio of free to bound a-NH,-N increases gradually along the intestine over a distance of 15 m from the pylorus (Table I I ). The increase in the latter ratio along the intestine originates apparently from the action of exopeptidases. In agreement with this conclusion, Symons & Jones (1966) found a peak of activity of dipeptidases in the mid-ileum of the sheep.
According to our results (Tables 6 and 7) , intensive absorption of a-NH2-N takes place in the section between 7 and 15 m distant from the pylorus, but the exopeptidase activity seems to be even greater than that of the absorption, as can be seen from the high concentration of ol-NH2-N, and the high ratio of free a-NH2-N to bound NH2-NPN of the digesta sampled in the section between 7 and 15 m distant from the pylorus (Table 11) . The results of this work indicate that the absorption of proteins (as amino acids) and of other nutrients occurs in the area of the intestine 1-15 m posterior to the pylorus. In agreement with the concepts of other authors (Clarke et al. 1966; Coelho da Silva et al. 197z) , the supply of essential amino acids to the tissues of ruminant animals is somewhat improved compared with the amino acid composition of the diet. This trend is shown by the changes in the ratio of essential to non-essential amino acids along the intestinal tract, as seen in Fig. 6 . This ratio was higher in the digesta which passed the rumen and reached the intestine than in the feed ingested, which indicates an improvement in protein quality, caused by ruminal biosynthesis of essential amino acids and microbial degradation of non-essential amino acids.
The supply of essential amino acids required for the tissue metabolism of the host animal is augmented also by preferential absorption through the intestinal wall. In the section of most intensive absorption, 7-15 m distant from the pylorus, the absorption of essential amino acids markedly exceeded that of non-essential amino acids; this is shown by the decrease in the ratio of essential to non-essential amino acids from 0.76 at 7 m distant to 0, j8 at I j m distant from the pylorus. As a net result, 60-5 % of the https:/www.cambridge.org/core/terms. https://doi.org/10.1079/BJN19740018
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Vol. 31 essential amino acids passing through the pylorus and 43 % of the non-essential amino acids were absorbed by the time the digesta had reached the site in the intestine 15 m distant from the pylorus. The very efficient absorption of the essential amino acids, such as methionine, lysine and threonine, in this region (Tables 8 and 10 ) is of great benefit to ruminants, since under different feeding conditions limiting amounts of these amino acids reach the tissues of the host animal. The fate of nitrogenous compounds passing the lower intestine (15-25 m distant from the pylorus) was different from that in the higher sections of the intestine, because of inactivation of proteolytic enzymes and enhanced bacterial activity in the lower sections. Since the amounts of essential amino acids did not change in the region between 1 5 and 22 m distant from the pylorus and those of non-essential amino acids decreased, the ratio of essential to non-essential amino acids increased.
The increase in the amounts of characteristic bacterial metabolites such as a-aminoisobutyrate and of a,E-diaminopimelic acid in the lower parts of the ileum, as reported Biosynthetic activities of the caecal bacteria apparently balanced the loss of some amino acids or even caused an increase in others. The biosynthesis of amino acids and proteins by the caecal microflora lacks nutritional significance and no differentiation was made therefore between free and bound faecal amino acids.
